High-resolution photoionization spectra following single-photon excitation from the 1 S 0 ground state have been recorded for the seven most abundant isotopes of xenon in the range between the first 2 P 3/2 and the second 2 P 1/2 ionization thresholds. Accurate values for the ionization energies V ion ͑ 2 P 1/2 ͒ and isotope shifts have been derived enabling the determination of the spin-orbit splitting in Xe + with an unprecedented accuracy. The narrow bandwidth of the vuv laser ͑250 MHz͒ has enabled the resolution of the hyperfine structure of the autoionizing nsЈ series of 129 Xe and 131 Xe in the range of principal quantum number n = 30-150. Multichannel quantum defect theory ͑MQDT͒ has been extended to treat the hyperfine structure of autoionizing Rydberg series and to derive the hyperfine structure of the 2 P 1/2 state of the singly charged ion. The MQDT analysis demonstrates the possibility of producing ions in selected hyperfine states by photoionization and enables the characterization of the combined effects of the spin-orbit and hyperfine autoionization.
I. INTRODUCTION
The role of nuclear spin in chemical reactions is well understood in terms of symmetry selection rules ͓1͔. In molecular photoionization, these imply the conservation of nuclear spin symmetry ͓2,3͔. Further dynamical effects of the nuclear spins in the photoionization of atoms and molecules have so far received little attention because the ionization channels associated with distinct hyperfine levels of the ions have not been resolved. The progress in high-resolution laser spectroscopy over the past years has been such that very high Rydberg states ͑up to n = 200 and beyond͒ can now be resolved even in the extreme ultraviolet ͓4͔, where a resolution of about 250 MHz has been achieved ͓5͔. At this resolution, the hyperfine structure of Rydberg states can be observed and represents a valuable source of information on the hyperfine levels of the ion to which the Rydberg electron is attached and on the photoionization dynamics. In parallel to the experimental efforts, multichannel quantum defect theory ͑MQDT͒ ͓6-9͔ has been extended to treat the hyperfine structure of bound atomic and molecular Rydberg states ͓10-12͔ and has provided a theoretical framework to determine ionic hyperfine structures from extrapolation of Rydberg series. This method has been successfully applied to derive the hyperfine structure of the ground state of 83 Kr + ͓11͔ and ortho-H 2 + ͓12͔. The desire to understand the role of nuclear spin in photoionization and to extend the experimental and theoretical investigation of the hyperfine structure of bound Rydberg states to autoionizing states has motivated the present combined experimental and theoretical analysis of the Rydberg spectrum of Xe.
In atomic and molecular physics the process of autoionization is classified as electronic, vibrational, spin-orbit, or rotational according to the type of energy that is transferred from the ionic core to the Rydberg electron ͑rather than according to the type of interaction responsible for the ionization͒ ͓13,14͔. This nomenclature implies the name "hyperfine autoionization" for the autoionization process by which the hyperfine energy of the core is transferred to cause ionization. An important goal of the present work was to study this process of hyperfine autoionization on the basis of hyperfine resolved spectroscopic data. Figure 1 contrasts spin-orbit autoionization encountered in the I = 0 xenon isotopes and which leads to the well-known Beutler-Fano profiles ͓15,16͔ of the autoionization region of the xenon spectrum between the 2 P 3/2 and 2 P 1/2 ionization limits ͓Fig. 1͑b͔͒ with the qualitatively different situation that arises in the isotopes of xenon with I 0 ͓ 129 Xe, I =1/2, see Fig. 1͑d͒ , and 131 Xe, I =3/2͔. In the I = 0 isotopes, autoionization results in a change of spin-orbit state of the ionic core, whereas in the I 0 isotopes, the autoionization may involve either a change of spin-orbit core state, hyperfine core state, or both. The autoionization region around n = 68 depicted in Figs. 1͑b͒ and 1͑d͒, as obtained in the present study, reveals a completely different spectral structure for the I 0 isotopes. To our knowledge, this autoionization structure of the I 0 isotopes of xenon has not been observed or discussed in the literature despite the fact that the spectral resolution required for its observation would have been available.
In particular we address here the following questions: ͑i͒ Is pure hyperfine autoionization, i.e., a process in which the ionization is solely accompanied by a change of the hyperfine state of the ion core, allowed? ͑ii͒ What are the propensity rules ͑⌬J + , ⌬F + ͒ describing the energy flow between core and Rydberg electron in the autoionization region of the I 0 isotopes of Xe? ͑iii͒ Can such propensities, if they exist, be exploited to prepare ions in selected hyperfine states, with possible applications in ion-trap loading ͓17͔ and quantum computing ͓18͔?
To answer these questions, we combine high-resolution spectroscopy and MQDT to describe the influence of the nuclear spin on the structure and dynamics of the states embedded in the autoionization continuum and to predict the *Author to whom correspondence should be addressed.
branching ratios for ionization into the fine and hyperfine structure components accessible at a given photoionization energy. The MQDT model also enables a discussion and a characterization of the mechanism responsible for the process of hyperfine autoionization.
The autoionization resonances of xenon between its first ͑ 2 P 3/2 ͒ and second ͑ 2 P 1/2 ͒ ionization thresholds have been observed by Beutler ͓15͔ and understood in the light of a theoretical contribution by Fano ͓16͔. Since then, this region of the xenon spectrum has been thoroughly studied both experimentally ͓19-22͔ and theoretically ͓6,23͔. The ab initio prediction of the line shapes of the lowest autoionizing resonances remains a challenge up to present day and continues to stimulate theoretical efforts ͓24,25͔. The experimental methods include energy-loss spectroscopy ͓19͔, singlephoton ͓20-22͔, and three-photon spectroscopy ͓26͔ of the odd parity ͑J = 1 and 3͒ series and two-photon excitation of s series with J = 0, 1 and d series with J = 1, 2, 3 from metastable levels ͓27͔. MQDT analyses have been performed for the bound levels and the first autoionization resonances ͑odd-parity, J =1͒ ͓6,19͔, for the bound d and autoionizing sЈ levels with J =0 ͓28͔, and for the odd-parity bound levels with J =0, 2, 3 ͓29͔.
The hyperfine structure and isotope shifts of bound levels of xenon have been studied to characterize the multipole moments of the hyperfine interaction and the nuclear structure ͓30-33͔. The hyperfine structure of several excited states of Xe + has also been studied experimentally ͑see, e.g., Ref. ͓34͔ and references therein͒ and theoretically ͓35͔ but, to our knowledge, the hyperfine structure of the two spin-orbit components of its 2 P ground state has not been determined. Xenon represents an ideal model system for the investigation of the hyperfine structure in the autoionization continuum because ͑i͒ the magnetic dipole hyperfine constants A 1/2 of the 2 P 1/2 state of 129 Xe + and 131 Xe + are large, ͑ii͒ the spectrum of the isotopes with zero nuclear spin has been analyzed in detail by MQDT, and ͑iii͒ two isotopes with different nuclear spin are observable in a single experiment. In addition, a measurement of the hyperfine structure of the 2 P 1/2 level can be used to derive an improved value of the spin-orbit splitting in the 2 P ground state of Xe + . This paper is structured as follows: Sec. II provides a short description of the experimental procedure. The MQDT formalism describing the hyperfine structure of bound Rydberg states is briefly reviewed and extended to describe the autoionizing region of the spectrum in Sec. III. Section IV provides an analysis of the spectra of the isotopes with zero nuclear spin, which enabled the derivation of an accurate value of the spin-orbit splitting in Xe + . It also summarizes the analysis of the hyperfine structure in the spectra of 129 Xe + could be derived. In Sec. V, the results are discussed and predictions are made concerning the production of ions in selected hyperfine states by photoionization. Finally, the mechanism underlying the phenomenon of hyperfine autoionization is discussed and shown to be analogous to that responsible for spin-orbit autoionization.
II. EXPERIMENT
The spectra have been recorded using a narrow bandwidth ͑250 MHz͒ tunable vuv laser system coupled to a photoion/ photoelectron time-of-flight ͑TOF͒ mass spectrometer. The main aspects of our experimental procedure have been described in detail earlier ͓5,36͔ and are only briefly summarized here. vuv radiation is generated by two-photon resonanceenhanced sum-frequency mixing ͑ vuv =2 1 + 2 ͒ in Kr using the ͑4p͒ 5 5p͓1/2͔ 0 ← ͑4p͒ 61 S 0 two-photon resonance at 2 1 = 94 092.9 cm −1 . To achieve a near-Fourier-transformlimited vuv bandwidth, two pulsed-amplified cw ring dye lasers are used as input beams to the nonlinear frequency up-conversion process. The vuv radiation is separated from the fundamental beams in a vacuum monochromator. The separation is achieved by a toroidal dispersion grating which also recollimates the diverging vuv beam and redirects it towards a photoexcitation-photoionization chamber equipped with a linear TOF mass spectrometer. The vuv wave number is calibrated to an absolute accuracy of 0.016 cm −1 following the procedure described in Ref. ͓36͔ which involves the stabilization of the wave number of the first laser. Xe ͑d͒ in the region around n = 68. Panel ͑b͒ shows the well-known Beutler-Fano profiles, whereas the spectrum in panel ͑d͒ is qualitatively different, because of additional interactions with the nuclear spin ͑I =1/2 of 129 Xe͒.
number of the second laser is calibrated by recording absorption spectra of molecular iodine in an oven heated to 600°C and comparing them to spectra simulated with the program IODINESPEC ͓37͔.
Xenon gas ͑Pangas, spectroscopic grade purity͒ is used without further purification and is introduced into the spectrometer in a pulsed skimmed supersonic expansion. The xenon gas jet is crossed at a right angle by the vuv laser beam in the middle of an array of resistively coupled cylindrical extraction plates. The photoexcitation region and the TOF mass spectrometer are surrounded by a double layer of Mumetal shielding. Under the experimental conditions used to record the photoionization spectra of the high Rydberg states of xenon, dc and ac Stark shifts are negligible for the Rydberg states with principal quantum number between 30 and 150 used in the MQDT analysis.
Spectra of the autoionizing Rydberg states located below the 2 P 1/2 ionization threshold were recorded by monitoring the photoionization yield as a function of the vuv wave number. The ions were extracted towards a microchannel plate detector located at the end of the TOF tube by a pulsed electric field of 88 V / cm amplitude and 1 s duration which was applied 1 s after the vuv laser pulse so that photoexcitation could take place under field-free conditions. Spectra of the different isotopes were obtained by placing temporal gates at the corresponding positions in the TOF spectrum. Photoionization spectra with a satisfactory signal-to-noise ratio could be obtained for the isotopes [128] [129] [130] [131] [132] 134 
III. MQDT OF THE HYPERFINE STRUCTURE OF AUTOIONIZING RYDBERG STATES OF XENON
In a previous publication, an MQDT model was developed to analyze the hyperfine structure of bound Rydberg states of the rare-gas atoms and used to quantitatively account for the Rydberg spectrum of 83 Kr below the 2 P 3/2 ionization limit and determine the hyperfine structure of 83 Kr + in its 2 P 3/2 ground state ͓11͔. In the following, this formalism is briefly reviewed and extended to treat the hyperfine structure of autoionizing Rydberg states of the rare-gas atoms.
MQDT relies on a partitioning of space into two regions. At short electron-core distances, the so-called close-coupling region, the interactions between the ion core and the Rydberg electron are dominated by electrostatic ͑including exchange͒ interactions. The following angular momentum coupling hierarchy provides an adequate description of the closecoupling eigenchannels ͓6͔:
where L ជ + and S ជ+ represent the orbital and spin angular momenta of the ionic core, ᐉ ជ and s ជ the corresponding angular momenta of the Rydberg electron, and I ជ the nuclear spin. The parameters characterizing the interactions in the closecoupling region are the eigenquantum defects ␣ which are assumed to be unaffected by the hyperfine interactions and can thus be taken from an analysis of the I = 0 isotopes ͓11͔. The choice of this coupling scheme for the description of the close-coupling channels is equivalent to a neglect of the spin-orbit and hyperfine interactions in the core. This choice is further discussed in Sec. V. At large electron-core distances, the electron interacts only weakly with the core. In this region, the dissociation channels can be described by the following angular momentum coupling scheme:
where J ជ+ and F ជ + represent the electronic and total angular momenta of the ionic core, respectively. The dominant interaction in the ionic core is the spin-orbit coupling which leads to an energy splitting between the 2 P 3/2 and 2 P 1/2 levels, that is several orders of magnitude larger than the splittings induced by the hyperfine interactions. Under the assumption that the mixing of the 2 P 3/2 and 2 P 1/2 spin-orbit components of the ion by the hyperfine interactions is negligible, the hyperfine structure of the two spin-orbit components can be treated separately and expressed as a function of the magnetic dipole and electric quadrupole hyperfine coupling constants A J + and B J + ͓38͔ ͑B J + =1/2 = 0 for the 2 P 1/2 spin-orbit level͒:
͑3͒
where
In Eq. ͑3͒, J + represents the wave number of the photoionization transition to the center of gravity of the hyperfine structure for each of the two spin-orbit 2 P J + components ͑J + =1/2, 3/2͒. 
The analytical frame transformation
between the bases of the LSJF-coupled eigenchannels and the J + F + jF-coupled dissociation channels was derived using angular momentum algebra ͓see Eq. ͑17͒ of Ref.
͓11͔͔.
If the total energy of the system lies below the lowest ionization energy, all channels are closed and the positions of bound Rydberg states are obtained by requiring the wave functions to vanish at an infinite ion-electron distance r. This condition translates into the equation
where the A ␣ are the expansion coefficients of the radial part of the Rydberg electron wave function in the basis of the close-coupling eigenchannels. This equation has nontrivial solutions when
If the total energy lies between the lowest and the highest ionization energy included in the MQDT model, some dissociation channels are closed. The ensemble of closed channels is denoted Q whereas the ensemble of open channels is labeled P. In this region of the spectrum, the boundary condition requires that the closed-channel wave functions remain finite for r → ϱ and that the open-channel wave functions behave at large r as collision eigenfunctions of the open channels, labeled , with a phase shift . The following set of equations is obtained from these boundary conditions:
and the corresponding compatibility condition is solved in the form of a generalized eigenvalue problem ͓39͔.
For each value of the total energy in the autoionization region there are as many solutions and associated vectors of expansion coefficients A as open channels. These coefficients are obtained in a single step by solving the equation
ͮ ͑13͒
The single-photon excitation to a dissociation channel i is described as the excitation into eigenchannels ␣, followed by an expansion in a basis of collision eigenfunctions , which are projected onto the dissociation channels i. The partial photoionization cross sections are obtained as a coherent sum over contributions from the collision eigenfunctions of all open channels. Each contribution is the product of an excitation amplitude, which depends on the close-coupling eigenchannel character A ␣ of , a phase factor which contains the Coulomb phase and the phase shift of the collision function , and the projection ͗i͉͘ of the collision eigenfunction onto the dissociation channel i. The partial photoionization cross section into a particular channel thus depends on ͑i͒ the importance of excitable close-coupling eigenchannel in the collision function, ͑ii͒ the strength of the channel coupling given by ͗i͉͘, and ͑iii͒ the collision phase shifts . The partial photoionization cross section for the generation of an ion in the state labeled by the quantum numbers J + and F + is given by ͓40͔
where is the energy of the incident photon and D͑i , F͒ is the reduced dipole matrix element for the photoionization from the ground state. W F is a weighting factor that accounts for the multiplicity of the levels accessed by photoexcitation from the 1 S 0 ground state ͓41͔,
The total photoionization cross section is given by
The reduced dipole matrix element can be expressed as a function of the MQDT parameters ͓40͔,
where i , ͗i͉͘ and N are defined as
The electric dipole transition amplitudes D ␣ were taken from Ref.
͓6͔ to be D ͑p 5 d͒ 1 P 1 / D ͑p 5 s͒ 1 P 1 = 5 and D ␣ = 0 for all other channels, independently of the value of F.
IV. RESULTS

A. Photoionization spectra of the xenon isotopes with zero nuclear spin
The photoionization spectra of the xenon isotopes with zero nuclear spin are characterized by two series nsЈ͓1/2͔ 1 and ndЈ͓3/2͔ 1 converging to the 2 P 1/2 state of the ion. These spectra are usually analyzed with the effective two-channel formalism derived from MQDT ͓42͔, which represents the photoionization spectrum by the expression
In Eq. ͑21͒, aᐉ and b are the resonant and nonresonant contributions to the photoionization cross section, ᐉ , q ᐉ , and W ᐉ are the quantum defect, the quality factor, and the linewidth parameter for the nᐉЈ resonances, and J + is the effective quantum number with respect to the 2 P J + threshold. Xe were analyzed by numerically fitting Eq. ͑21͒ to the experimental photoionization spectra in the range 1/2 Ϸ 33-42 and 1/2 Ϸ 60-92 to extract accurate ionization energies 2 P 1/2 for the five xenon isotopes as well as line-shape parameters for the ndЈ͓3/2͔ 1 resonances. The experimental spectra were recorded with a step size of 100 MHz and all points were used in the fitting procedure. Unambiguous lineshape parameters for the nsЈ͓1/2͔ 1 resonances could not be obtained because the bandwidth of the laser and residual Doppler broadening ͑together about 0.01 cm −1 ͒ contribute significantly to the spectral linewidth at the high n values of interest in the present study.
The value of the ionization energies were also derived independently by determining the central position of every sЈ and dЈ resonance in the range 1/2 Ϸ 33-42 and 1/2 Ϸ 60-110 and extrapolating the series to infinity using Rydberg's formula. The values obtained in both procedures agreed within the statistical uncertainties of the fits ͑1 = 0.002 cm −1 ͒. The ionization potential 2 P 1/2 and the lineshape parameters of the dЈ resonances for 132 Xe are listed in Table I. Table II This subsection describes the experimental spectra of the xenon isotopes with I 0 and their assignment. The assignments were made on the basis of MQDT simulations in an iterative procedure in which the MQDT parameters were refined and the assignments improved until a fully satisfactory agreement between MQDT predictions and experimental results was reached. The optimal MQDT simulations are already presented here together with the experimental results in the figures and, when necessary, also used to explain the experimental observations, although the fitting of the MQDT parameters is only discussed in the next subsection ͑Sec. IV C͒.
129
Xe has a nuclear spin I =1/2. A total of 6 s and 11 d channels with F =1/2 or F =3/2 are accessible following single-photon excitation from the 1 S 0 ground state. Because of J mixing induced by the hyperfine interaction, the eigenchannels with J = 0, 1, or 2 are required for the description of Xe. The ionization energies of the even mass number isotopes were derived in a least-squares fitting procedure of Eq. ͑21͒ to the photoionization spectra, and those for the odd mass number isotopes from the MQDT fit. These isotope shifts are compared to those determined at the 2 P 3/2 threshold by Brandi et al. ͓33͔ . Xe. The fine and hyperfine structure of 129 Xe + as it was determined from the analysis of the Rydberg spectrum ͑see below͒ is shown schematically on the left side of Fig. 2͑a͒ which also lists all possible values of the J + , F + , ᐉ, and j quantum numbers of the optically accessible dissociation channels. There are 3 s series and 4 d series converging to the 2 P 1/2 , F + = 0, 1 ionic states instead of 1 s and 1 d series in the case of the isotopes with zero nuclear spin.
The situation is more complex in 131
Xe ͑I =3/2͒, where a total of 10 s and 29 d channels with F =1/2, 3/2, or 5/2 are needed to describe the photoionization spectra obtained following single-photon excitation from the 1 S 0 ground state. Close-coupling eigenchannels with J = 0, 1, 2, 3, and 4 contribute to the spectrum, and 4 s and 11 d series converge to the 2 P 1/2 , F + = 1, 2 ionic states. The ionic level structure is shown schematically in Fig. 2͑b͒ together with the quantum numbers of all dissociation channels.
The low-lying Rydberg states 5 ഛ 1/2 ഛ 30 are split by the hyperfine interactions but the observed resonances can still be classified in the extended jK-coupling scheme ͓Eq. ͑23͔͒ in analogy to the situation encountered in the isotopes of zero nuclear spin,
Accordingly, the low-lying Rydberg states can be labeled in nᐉЈ͓K͔ J ͑F͒ notation. In the high Rydberg states with 1/2 ജ 65, the Rydberg electron angular momentum ᐉ ជ is decoupled from the core electronic angular momentum J ជ + . In this range, the Rydberg series are characterized by a well defined ionic hyperfine state. The coupling scheme appropriate for this situation is given in Eq. ͑2͒ and is the one that was chosen for the dissociation channels.
The photoionization spectra of 132 Xe ͑a͒,
131
Xe ͑b͒, and 129
Xe ͑c͒ in the region of effective principal quantum number 1/2 Ϸ 37 are displayed in Fig. 3 Xe also reveal a second dЈ resonance on the low wave-number side of the main dЈ line. This second line, assigned to the transition to the 39dЈ͓3/2͔ 2 level, originates from the relaxation of the selection rule on ⌬J resulting from the fact that the total angular momentum F ជ is the conserved quantity in the presence of nuclear spin.
At higher values of the principal quantum number, the spectra of Xe and from each other as illustrated in Fig. 4 where the spectra of 132 Xe ͑a͒,
Xe ͑b͒, and
129
Xe ͑c͒ around 1/2 Ϸ 65 are compared. The reason for this behavior is that J mixing is almost complete around 1/2 Ϸ 65, so that the ndЈ͓3/2͔ 2 resonances become as intense as the ndЈ͓3/2͔ 1 resonances. In Fig. 4 , the resonances are labeled by the ᐉ and F values of the most significant contribution according to the MQDT simulations.
The nuclear spins have the following effects on the photoionization spectra of 129 Xe and 131 Xe as compared to the isotopes with zero nuclear spin: First, F ជ and not J ជ is the constant of motion in the presence of nuclear spin, and therefore additional ndЈ resonances are observed above 1/2 Ϸ 30 that can be assigned to J = 2 with a weak J = 3 contribution ͓see, e.g., Fig. 3͑b͔͒ . Around 1/2 Ϸ 65, J mixing is complete and nearly equally intense dЈ resonances are observed for both J = 1 and J =2 ͑Fig. 4͒. The integrated intensity of the ndЈ͓3/2͔ 2 resonances, however, is weaker in the case of 131 Xe than it is in 129 Xe, reflecting the weaker hyperfine interaction in the ion ͑see Table IV below͒. Second, the uncoupling of the Rydberg electron from the core leads to the observation of series that converge on different hyperfine states of the ion. Strong perturbations of line positions and intensities arise when Rydberg states converging on different ionic states become nearly degenerate. The hyperfine interaction between quasibound states of the same total angular momentum F but different principal quantum numbers then induces a strong mixing of these states that causes intensity alterations in the spectrum.
These effects are illustrated by the MQDT calculations presented in Fig. 5 , which displays the predicted photoionization cross section associated with the F =3/2 channels of 129 Xe ͓Fig. 5͑a͔͒ and the fractional part of the effective quantum number J + =1/2,F + =1 ͓Fig. 5͑b͔͒ of the sЈ and the three dЈ quasibound levels plotted against 1/2,1 . The sЈ series and two of the dЈ series have a constant quantum defect and therefore correspond to channels that are built on a 2 P 1/2 , F + = 1 core. The remaining dЈ series converges to the higher 2 P 1/2 , F + = 0 state of the ion and therefore regularly traverses the other series, leading to a series of avoided crossings. In order to understand the intensity distribution in the spectrum, the series must be correlated with close-coupling channels at low values of the effective quantum number 5 ഛ J + =1/2,F + =1 ഛ 30. Figure 5 reveals that the dЈ series converging to the higher 2 P 1/2 , F + = 0 state of the ion carries the intensity in the lowenergy part of the spectrum. Indeed this series correlates at low n with the p 5 d , 1 P 1 channel, which is the only d channel carrying intensity ͓see the left-hand side of Fig. 5͑b͔͒ . A very similar situation is also encountered for the 131 Xe isotope ͑see discussion of Fig. 6 below͒.
As a consequence of the angular momentum uncoupling that takes place at higher n values, the intensity spreads from the J =1 dЈ series into the lower of the two dЈ series associated with a J = 2 close-coupling channel ͓see Fig. 5͑b͔͒ . As observed experimentally ͑see Fig. 6͒ , the intensity of the dЈ series converging on the 2 P 1/2 , F + = 1 level vanishes at the position of the avoided crossings because the hyperfine interaction between the series leads to a very small p 5 d 1 P 1 character.
In the photoionization spectrum of 129 Xe ͓see Fig. 6͑a͔͒ , two strong dЈ series ͑ndЈ͓3/2͔ 1 and ndЈ͓3/2͔ 2 ͒ are observed, the former converging to the F + = 0, the latter to the F + =1 ionic hyperfine levels. The intensity of the second series vanishes at the positions where its members become degenerate with members of the first series. This is the case when the hyperfine splitting of two ionic levels ⌬E F + ,F + +1 becomes equal to the spacing between the Rydberg states n and n + k ͓43͔, a condition that can be expressed as
with F + = 0 for the 2 P 1/2 ionization limit of that the Rydberg electron "sees" a core with vanishing hyperfine structure. The analogous situation for a rotating molecular core was described by Labastie et al. ͓44͔
C. Numerical fitting of the MQDT parameters
The adjustable parameters needed for the MQDT simulation of the photoionization spectra are the eigenquantum defects ␣ , which are assumed to be unaffected by the hyperfine interaction, the value of the ͑center of gravity͒ ionization energies corresponding to the formation of the 2 P 3/2 and 2 P 1/2 ionic states, the magnetic dipole hyperfine coupling constants of In the analysis of the spectra the quantum defects ␣ available from the literature were adjusted iteratively. First, an MQDT simulation of the 132 Xe photoionization spectrum was undertaken using the different sets of quantum defects and corresponding U i␣ matrices published in Refs. ͓6,19,23͔, but none of them reproduced the experimental line shapes in a fully satisfactory manner, probably because of the energy dependence of the eigenquantum defects. The only available channel parameters ͑J =1͒ taking the departure of closecoupling channels from LS coupling into account did not reproduce the spectrum as well as achieved by a simple adjustment of the eigenquantum defects in LS representation. Realizing that too little information is contained in the photoionization spectra alone for a determination of the exact eigenchannels and eigenquantum defects, we therefore decided to neglect the departure of the close-coupling channels from LS coupling.
In a first step, the five quantum defects ␣ ͑J =1͒ were adjusted manually until a good agreement with the experimental spectra of 132 Xe was reached. In this adjustment the ionization energy derived in Sec. IV A was used ͑see Table I͒. With these adjusted eigenquantum defects for the J =1 channels and initial values for the J = 0 and J = 2 eigenquantum defects estimated from the quantum defect analysis of Ref. 
129
Xe possesses two sЈ series converging to the 2 P 1/2 , F + = 1 ionization limit with F =1/2 and F =3/2 and one sЈ series with F =1/2 converging to the 2 P 1/2 , F + = 0 level ͓see Fig. 2͑a͔͒ . The F =3/2 resonances are calculated to be stronger than those with F =1/2. By inspection of Fig. 3 one can thus conclude that the F =3/2 levels in 129 Xe lie below the F =1/2 levels. In 131 Xe, two sЈ series converge to each of the 2 P 1/2 , F + = 1 and 2 P 1/2 , F + = 2 states with total angular momentum quantum numbers F =1/2, 3/2 and F =3/2, 5/2, respectively. The observed intensities indicate that the levels with F =1/2, 3/2 lie below those with F =3/2, 5/2. These observations imply that the magnetic dipole coupling constants of the two isotopes have an opposite sign.
In a nonlinear least-squares fitting procedure of the calculated positions of the F =3/2 and F =1/2 sЈ resonances to the experimental positions determined in a least-squares fit using Eq. ͑21͒, a preliminary value of the magnetic dipole hyperfine coupling constant 129 A 1/2 was derived. In the next step, the eigenquantum defects of the s channels with J =0 and J = 2 and of the d channels with J = 2 were adjusted manually in order to reproduce the line shapes and line positions in the spectrum of 129 Xe. Finally, the least-squares fitting procedure of 129 A 1/2 and the ionization energy was repeated with the improved quantum defects, and a final value of ͓11͔ requires the analysis of the hyperfine structure in the bound Rydberg series of these isotopes. Unfortunately, the hyperfine structure has only been resolved for a few lowlying states with principal quantum numbers n = 5-8. The description of the absolute position of these states requires one to take into account at least the energy dependence of the eigenquantum defects. To estimate the hyperfine structure of the 2 P 3/2 state, we have chosen the highest Rydberg states for which the hyperfine structure has been resolved, i.e., 8d͓3/2͔ 1 and 8d͓1/2͔ 1 ͓33͔. A fit of the MQDT model to the hyperfine structure of these states in 129 Xe and
131
Xe provides a rough estimate of the electric dipole and magnetic quadrupole hyperfine coupling constants A 3/2 and B 3/2 . No fully satisfactory fit could be reached, however, probably because of the unsatisfactory description of the energy dependence of the quantum defects and the deviation from LS coupling. The relative deviations between measured and calculated hyperfine intervals vary between 6% and 40%. The hyperfine constants are therefore characterized by large uncertainties ͑see Table IV͒. The comparison of experimental and simulated spectra in Figs. 3, 4, and 6 demonstrates that the present MQDT model provides an adequate description of the line positions, line intensities and line shapes of both I = 0 and I 0 isotopes in the autoionization regions of Xe. The main deviations between calculated and experimental spectra occur in the sЈ resonances which appear more intense and narrower in the simulations than in the experimental spectra. These deviations can be fully explained by the limited resolution of the present experiments as already mentioned above. A weak shoulder on the high-energy side of the sЈ resonances in the spectra of all isotopes ͑see Fig. 3͒ is also not accounted for satisfactorily by the simulations. At present we have no explanation for this structure, and cannot rule out that it is caused by a ͑Doppler-broadened͒ contribution from the background gas.
V. DISCUSSION
A. Limitations of the present MQDT model
Multichannel quantum defect theory describes the structure of Rydberg states with an accuracy comparable to the highest resolution of current spectroscopic methods ͓12͔. This theory relies on the description of the interactions in the limiting coupling cases where the Rydberg electron is very close to the ionic core ͑close-coupling region͒ and very far from the core ͑dissociation region͒. The inclusion of the nuclear spin into the MQDT formalism for the rare-gas atoms provides an opportunity to reconsider the description of both coupling cases and to discuss the major approximations.
In the close-coupling region, the electrostatic interactions ͑orbit-orbit and exchange͒ dominate the level structure. An adequate description is therefore provided by LS coupling. The orbit-orbit and exchange interactions translate into differences in the values of the eigenquantum defects. This description neglects all other interactions in the core. As was pointed out by Lu ͓6͔, the spin-orbit and s-d interactions lead to a mixing of the pure LS-coupled channels and can be accounted for by modifying the transformation matrix and the quantum defects. For nuclei with I 0, an additional mixing of the close-coupling channels can in principle be induced by the hyperfine interactions. However, these interactions are so much weaker, in the rare-gas atoms, than the spin-orbit and exchange interactions, that they can be neglected in excellent approximation in the description of the short-range eigenchannels ͓11͔.
In the dissociation region, the dominant interactions are those in the ionic core, i.e., the spin-orbit and hyperfine interactions. Since the magnitude of these interactions differs by roughly four orders of magnitude in the 2 P ground state of the singly charged rare-gas cations, the coupling case chosen in Eq. ͑2͒ is easily justifiable. Neglecting the hyperfine in- + . The constants for the 2 P 1/2 states were derived from the MQDT analysis of the present experimental results, whereas the 2 P 3/2 constants were derived from an MQDT fit using the hyperfine structure of low-lying bound Rydberg states as detailed in the text.
duced mixing of the ionic spin-orbit levels is thus expected to be an excellent approximation. An exact description of N s close-coupling s and N d d channels of the same total angular momentum requires the determination of ͑N s + N d ͒͑N s + N d −1͒ / 2 independent matrix elements or generalized Euler angles ͓6͔ and their energy dependence. If the s-d interaction is neglected, this number reduces to N s ͑N s −1͒ /2+N d ͑N d −1͒ / 2. Given that the hyperfine induced mixing of the eigenchannels can be neglected ͑see above͒, this number is further reduced because only close-coupling channels with the same quantum number J are allowed to interact. It is, however, known ͓6͔ that the numerical fitting of the MQDT parameters to photoionization spectra does not provide sufficient information to derive a complete description of the eigenchannels. Indeed, when several series converge onto a common ionization threshold, the spectra of Rydberg states alone are insufficient for the derivation of unambiguous channel parameters, and additional information ͑not currently available͒ on the wave functions of the considered states is required.
To alleviate some of these difficulties we chose, in the present analysis, to approximate the close-coupling channels by pure LS coupled channels, and to adjust the corresponding quantum defects. This approximation implies that autoionization, as described by the present model, is only determined by the electrostatic close-coupling interactions. More specifically, the exchange interaction between the 3 P 1 and 1 P 1 configurations leads to the autoionization of the sЈ states and the additional orbit-orbit interaction in the 3 D 1 configuration induces the autoionization of the dЈ states. The advantage of this procedure is that it enables us to highlight the salient features of the hyperfine autoionization and to demonstrate that it is not caused by the hyperfine interaction. Moreover, despite the approximation, the model can quantitatively account for the spectra because the eigenquantum defects can be adjusted as effective constants to reproduce the experimental spectra, and also to adequately describe the positions and dynamics of the autoionizing Rydberg states. The drawback is that the constants determined in this work are only valid over a restricted energy range and do not provide a quantitatively correct representation of the complete xenon spectrum below, between and above the two 2 P ionization thresholds. A complete and fully satisfactory set of MQDT parameters for the xenon atom remains to be derived.
B. Hyperfine and spin-orbit autoionization
The results presented so far show that the phenomenon of spin-orbit autoionization in the presence of a nonzero nuclear spin can be well understood and interpreted with the help of an MQDT model. The same framework also provides a description of hyperfine autoionization and a characterization of the underlying mechanisms. In what follows we show some predictions of autoionizing spectra involving hyperfine autoionization. The observation of this phenomenon has been impossible so far, because the small magnitude of the hyperfine splittings of the ion ͑0.41 cm −1 in the 2 P 1/2 state of 129 Xe + , and typically much less in lighter atoms and molecules͒ sets a lower limit of n Ϸ 520 for the principal quantum number of the autoionizing Rydberg states to be observed, which represents an experimental challenge.
The MQDT model used here represents an adequate framework to discuss the mechanism and the propensity rules that govern autoionization. In the discussion, it is convenient to distinguish between three energetic regions. The first region is that between the lowest and the highest hyperfine component of the 2 P 3/2 state. The second region is located between the highest hyperfine component of the 2 P 3/2 state and the lowest component of the 2 P 1/2 state, and the third corresponds to the region between the lowest and the highest hyperfine component of the 2 P 1/2 state. At first sight, spin-orbit and hyperfine autoionization would be expected to follow entirely different dynamics because the energy transfered between the ion core and the Rydberg electron in the two processes differs by several orders of magnitude. However, as discussed above, both processes have their origin in electrostatic ͑orbit-orbit and exchange͒ interactions, and are therefore governed by the same dynamics, determined by the values of the eigenquantum defects. The branching ratios for autoionization into various dissociation channels depend only on the values of the quan- Xe in the region between the 2 P 3/2 , F + = 2 and 1 ionic hyperfine states. The displayed structures result from pure hyperfine autoionization. The contributions from the F =1/2, 3/2 manifolds are shown in panels ͑a͒ and ͑b͒, respectively. tum numbers, or more specifically on the values of the transformation matrix U i␣ .
Hyperfine autoionization within the
2 P 3/2 sublevels A simple situation of pure hyperfine autoionization occurs in the region between the 2 P 3/2 , F + = 2 and F + = 1 states of 129 Xe + ͓see Fig. 2͑a͔͒ for which two sets of channels, with F =1/2 and F =3/2, can be treated separately. In the F =1/2 manifold, a single quasibound dЈ series converging to the F + = 1 level exists, which interacts with two degenerate F + = 2 continua. To characterize the autoionization dynamics in this region, the photoionization cross section predicted by MQDT and shown in Fig. 7͑a͒ was analyzed with the parametrization of Eq. ͑21͒ resulting in parameters W = 0.151 or ⌫ r = 2.11ϫ 10 4 cm −1 and q = 0.403. Figure 7͑b͒ represents the contribution to the photoionization cross section from the F =3/2 manifold. In this case, one s and two d quasibound series interact with one s and two d continua. Since the s series does not interact with the d series, it can be analyzed separately with the two-channel formula ͓Eq. ͑21͔͒. A numerical fit of the isolated s series led to the parameters W = 8.25ϫ 10 −4 ͑or ⌫ r = 115 cm −1 ͒ and q = 128. The reduced widths ⌫ rᐉ are independent of n and directly reflect the strength of the channel interactions. They can thus be used to compare the dynamics of pure hyperfine autoionization with that of spin-orbit autoionization of the sЈ and dЈ series of 132 Xe. Analyzing the MQDT prediction of the photoionization cross section with Eq. ͑21͒ yields the following parameters for the sЈ and dЈ series of ͑or ⌫ r,s = 783 cm −1 ͒ and q s = 9.40. The values obtained for the dЈ series slightly differ from those listed in Table I because they resulted from a fit to the MQDT calculation whereas the latter were determined in a fit to the experimental spectrum. The discrepancy lies within the statistical uncertainty. Although one might have naively expected much slower dynamics for the hyperfine autoionization than for spin-orbit autoionization, the comparison of the reduced widths of the s and d resonances leads to the conclusion that the channel interactions causing spin-orbit and hyperfine autoionization have a comparable strength. Hyperfine autoionization is thus an allowed and even a very efficient process in the rare-gas atoms.
⌬F
+ propensity rules in spin-orbit autoionization
In the region above the 2 P 3/2 ionization limit, the Rydberg states converging to the 2 P 1/2 state decay by spin-orbit autoionization to a 2 P 3/2 Xe + ion and a free electron. In the case of 129 Xe and 131 Xe, the ions can be produced in different hyperfine states. The question naturally arises whether the autoionization could be used as a means to produce ions in selected hyperfine levels. The experimental discrimination between different hyperfine product channels, for instance by high-resolution photoelectron spectroscopy, is currently not possible, but the MQDT model developed in the present work allows quantitative predictions of the partial photoionization cross sections to selected ionic hyperfine structure levels to be made ͓see Eq. ͑14͔͒.
The calculated partial cross sections show resonances similar to those of the total cross section ͑see Sec. III͒. As a consequence of multiple interferences, spectral regions can be identified in which partial cross sections to a selected ionic hyperfine state dominate. Unfortunately, when many different ionic states are energetically accessible, the minima of the partial cross sections do not usually coincide, and therefore the entirely selective production of a single ionic hyperfine level is rarely possible. The maximal contrast between different hyperfine channels is therefore expected when only two ionic hyperfine states are available as in the case of the 2 P 3/2 ground state of 129 Xe + . Such a case is illustrated in Fig. 8 where the experimental total cross section ͓Fig. 8͑a͔͒, the calculated cross section with the contributions from F =3/2 and F =1/2 ͓Fig. 8͑b͔͒ and the branching ratios between the two ionic hyperfine states of Xe in the region of the 37dЈ͓3/2͔ 1 state, ͑b͒ MQDT simulation of the total cross section ͑solid line͒, the contribution from F =1/2 states ͑dotted line͒, and F =3/2 states ͑dashed line͒, ͑c͒ branching ratios into the ionization channels leading to an ion in the 2 P 3/2 , F + =1 ͑solid line͒ and 2 P 3/2 , F + =2 ͑dotted line͒.
85% of the ions are produced in the F + = 1 state at a photon wave number of ͑108 278.72± 0.02͒ cm −1 , whereas at ͑108 279.1± 0.1͒ cm −1 close to 80% of the ions are produced in the F + = 2 state. These results show that it is possible to produce hyperfine selected ions through photoionization by exploiting the interference of the atomic channels. Indeed, the widths of the resonances in the partial cross sections are large enough that a selective production of hyperfine levels should be possible using broadly available lasers. This conclusion is expected to be valid for many other ions that possess a hyperfine doublet in the ground state. This is in particular the case for the odd mass number isotopes of earth-alkaline metals which are of interest in ion trap loading ͓17͔ and its applications to quantum computation ͓18͔. ⑀s open channel ͑spin-orbit autoionization͒. The partial cross sections corresponding to these two processes calculated by MQDT can again be analyzed with the parametrization of Eq. ͑21͒. The width parameter obtained in both cases is exactly the same ͑W = 4.30ϫ 10 −3 ͒ because it is a property of the quasibound state. The resonant cross section a is 8.0 times larger for spin-orbit autoionization. The considered sЈ states therefore preferentially decay via spin-orbit autoionization.
A similar situation is found in the F =3/2 sЈ series of 131 Xe converging on the F + = 2 ionic level ͓see Fig. 2͑b͔͒ . The members of this series can decay into the 2 P 1/2 , F + =1, the 2 P 3/2 , F + = 2 or the 2 P 3/2 , F + = 1 continua. The partial cross sections for these processes are characterized by the resonant cross sections a = 0.209, 0.502, and 0.167, respectively, and the width parameter amounts to W = 2.12ϫ 10 −3 . In this case, hyperfine autoionization efficiently competes with spin-orbit autoionization with a resonant cross section intermediate between that of the two spin-orbit contributions. In addition, it is noted that ⌬F + = 0 is preferred over ⌬F + = −1 for spin-orbit autoionization. The situation for the dЈ series in 131 Xe is even more interesting because more open channels are available ͓see Fig.  2͑b͔͒ . Two cases are presented which are extremal concerning the values of resonant cross sections. The F =1/2 manifold holds two almost degenerate quasibound dЈ series converging to the 2 P 1/2 , F + = 2 level. These dЈ levels can autoionize in any one of the five continua with 2 P 1/2 , F + =1 and 2 P 3/2 , F + = 3, 2, 2, 1. The situation of two closed channels having a common ionization threshold and five open channels can be approximated by the parametrization for one open and two closed channels ͓42͔, where the symbols have the same meaning as in Eq. ͑21͒. In Eq. ͑25͒, a nonresonant cross section b has been added to Eq. 25 of Ref. ͓42͔. Although this parametrization is not exact, it turned out to provide an excellent fit of the calculated partial cross sections. The ratio of the resonant cross sections are found to be ͑1/2,1͒ : ͑3/2,3͒ : ͑3/2,2͒ : ͑3/2,1͒ = 0.155: 3.40: 0.555: 0.104. Considering the number of open channels built on each ionic state which is 1:1:2:1, the resonant partial cross sections are highly nonstatistical and the autoionization dynamics is characterized by a strong preference for ⌬F + = + 1 over ⌬F + = 0 over ⌬F + = −1 in spin-orbit autoionization. Again, hyperfine autoionization has a significant contribution. The F =5/2 manifold also holds two quasibound dЈ series converging to the 2 P 1/2 , F + = 2 level. These dЈ levels can autoionize in any one of the two 2 P 1/2 , F + = 1 and 2 P 3/2 , F + = 3, 3, 2, 2, 1, 1, 0 continua. The same analysis as presented above for the F =1/2 case leads to the ratio of resonant cross sections ͑1/2,1͒ : ͑3/2,3͒ : ͑3/2,2͒ : ͑3/2,1͒ : ͑3/2,0͒ = 11.5: 10.6: 9.6: 9.2: 4.7. This ratio corresponds closely to a statistical expectation since the ratio of the number of open channels is 2:2:2:2:1. Nevertheless, a slight preference for ⌬F + = + 1 over ⌬F + = 0 over ⌬F + = −1 is found again, and hyperfine autoionization even represents the most important contribution to the total cross section.
Two conclusions are drawn from the above results. First, the rate of autoionization for hyperfine and spin-orbit autoionization is comparable as already pointed out in Sec. V B 1 above. Second, the propensity rule for the spin-orbit autoionization favors processes in which ⌬F + = ⌬J + , and is most pronounced for small values ͑F =1/2͒ of the total angular momentum, whereas at larger values ͑F =5/2͒ the partitioning is close to statistical. These observations can be interpreted by analyzing the properties of the angular momentum recoupling matrix elements ͑the values of the 3j symbols become equal in the limit of high quantum number͒ and represent a geometric effect.
VI. CONCLUSIONS
The photoionization spectra of 129 Xe and 131 Xe in the region between the 2 P 3/2 and 2 P 1/2 threshold markedly differ from those of the I = 0 isotopes of Xe, the differences being caused by the hyperfine interaction. The experimental and theoretical study of these differences has provided a way to quantify the role of the nuclear spin in the photoionization of the rare-gas atoms and to characterize the process of hyperfine autoionization. It has also enabled us to derive the hyperfine structure of the Xe + ion. In the modeling of the spectra by MQDT, excellent agreement between experimental spectra and spectra simulated by MQDT could be reached in a model in which the influence of the nuclear spin on the close-coupling eigenchannels was neglected. The process of pure hyperfine autoionization, i.e., the autoionization process in which the ionic core transfers hyperfine energy to the electron to cause ionization, is found to be very efficient in the rare-gas atoms.
The hyperfine interaction is thus important in defining the hyperfine structure of the ion core and is propagated into the Rydberg spectrum by the angular momentum transformation. The autoionization dynamics ͑and the channel interactions͒ are entirely contained in the description of the eigenchannels, i.e., the eigenquantum defects which describe the electrostatic ͑orbit-orbit and exchange͒ interactions. Thus the dynamics of spin-orbit and hyperfine autoionization are both governed by the same interactions which, in our model, have nothing to do with the hyperfine interaction. The effect of the spin-orbit interaction on the dynamics are described by the spin-orbit structure of the ionic core on the one hand and by the different values of the eigenquantum defects of channels differing solely in their J values on the other hand. An essential element in the description of the details of the dynamics is given by the frame transformation matrix elements. It is therefore easy to explain why, at high J / F values, the branching ratios for autoionization into different channels approach a statistical distribution more closely than at low J / F values.
